1. Introduction {#sec1}
===============

Metabolically active brown adipose tissue (BAT) plays a significant role in metabolism and energy regulation [@bib1], [@bib2], [@bib3]. While white adipose tissue (WAT) is responsible for energy storage, BAT is responsible for dissipating energy through the action of the uncoupling protein-1 (UCP1). In adults, increased BAT mass has been linked to lower body mass index leading to interest in the generation of *de novo* BAT as a potential therapeutic approach for obesity. Chemical stimulation with β3-adrenergic receptor (β3AR) agonists has been shown to induce browning in WAT but determination of the quantity and location of this new beige fat mass is a challenge [@bib4]. Numerous imaging approaches have attempted to detect BAT [@bib5] including magnetic resonance imaging (MRI), which relies on the unique chemical-shift of water-fat signals due to differences in morphology and chemical composition between WAT and BAT [@bib6], [@bib7]. However, reliable localization and quantification of beige tissue mass are hampered by poor sensitivity as the newly brown adipocytes are interspersed in WAT. Positron emission tomography (PET) is a uniquely sensitive imaging method and numerous tracers have been assessed for their ability to quantify BAT. \[^18^F\]FDG imaging is the current gold standard for imaging BAT and has been used to image beige fat, but detection is variable and dependent on stimulation through cold exposure or chemical stimulation [@bib8], [@bib9]. Other PET radiopharmaceuticals have been developed to quantify BAT mass including the cannabinoid receptor 1 imaging agent \[^18^F\]FMPEP, the noradrenaline transporter agent \[^11^C\]MRB, and the noradrenaline analogue \[^11^C\]MHED; however, they have not been assessed for the ability to measure beige fat *in vivo* under unstimulated or thermoneutral conditions [@bib10], [@bib11], [@bib12], [@bib13]. Both brown adipocytes and beige adipocytes have multilocular lipid droplets and possess abundant mitochondria that express UCP1 [@bib14] whereas the surrounding white adipocytes only have one large lipid droplet and a relative paucity of mitochondria [@bib13], [@bib15]. This difference in mitochondrial abundance between WAT and beige fat suggests that an imaging agent able to quantify mitochondrial expression may be ideal for identifying beige fat mass. TSPO-18kDa (TSPO) is a five transmembrane domain protein located on the outer membrane of mitochondria and numerous radiopharmaceuticals have been developed to image TSPO expression, primarily for neuroinflammatory imaging [@bib16]. Preclinical studies have shown that TSPO tracers can image BAT *in vivo* [@bib17] and the TSPO tracer \[^11^C\]PBR28 has already been shown to identify BAT mass clinically [@bib18]. The current study, however, is the first to attempt to use a TSPO tracer to detect the development of new beige fat deposits in WAT after β3AR agonist stimulation.

2. Materials and methods {#sec2}
========================

No-carrier-added aqueous \[^18^F\]fluoride ion was produced *via* the \[^18^O(p,n)^18^F\] nuclear reaction (GE PETtrace 860 cyclotron). The compounds 2- (2- ((N-(4-phenoxypyridin-3-yl)acetamido)methyl)phenoxy)ethyl-4-methylbenzenesulfonate (FEPPA precursor, catalogue number 1654) and N-(2-(2-Fluoroethoxy)benzyl)-N-(4-phenoxypyridin-3-yl)acetamide (FEPPA reference standard, catalogue number 1655) were purchased from ABX GmbH, Germany. Acetonitrile (99.8%), anhydrous potassium carbonate (99.99%), 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo\[8.8.8\]hexacosane (Kryptofix^®^222, 98%), phosphoric acid 85 wt% in H~2~O (99.99%), and sodium bicarbonate (≥99.7%) were procured from Sigma--Aldrich Pte Ltd. HPLC-grade acetonitrile and Millex GV 0.22 μm filters were purchased from Merck Pte. Ltd. and 0.9% wt saline solution was purchased from Braun Medical Industries and used as supplied.

All reactions were carried out in closed Thermo Scientific™ conical reacti-vial™ (5 ml capacity). Sep-Pak^®^ light (46 mg) Accell™ plus QMA carbonate was purchased from Waters Corporation and preconditioned with 10 ml deionized water (Elga Purelab Flex3, 18.2 MΩ cm) before use. Radiochemical isolation and purification was conducted by semi-preparative radio-HPLC system comprising of two Knaur Smartline 1050 pumps, Manual injection valve (6-port/3-channel), SmartMix 100 solvent mixer, Smartline UV-Detector 2520 (λ = 254 nm) and Flow-Count radio-HPLC NaI detection system. Quality control analytical radio-HPLC was performed on a UFLC Shimadzu HPLC system equipped with a dual wavelength UV detector and a NaI/PMT-radio detector (Flow-Ram, LabLogic). Radioactivity measurements were made with a CRC-55tPET dose calibrator (Capintec, USA).

2.1. Radiochemistry {#sec2.1}
-------------------

N-(2-(2-\[^18^F\]Fluoroethoxy)benzyl)-N-(4-phenoxypyridin-3-yl)acetamide (\[^18^F\]FEPPA) was synthesized using a method adapted from those previously reported [@bib16], [@bib19]. Aqueous \[^18^F\]fluoride (typically 7 GBq in *ca*. 2.5 ml) was trapped on a preconditioned Sep-Pak^®^ light (46 mg) Accell™ plus QMA carbonate (Waters). The trapped \[^18^F\]fluoride anion was eluted into the reaction vial using 1 ml of a 96: 4 (v/v) acetonitrile: water mixture containing K~2~CO~3~ (3 mg, 21.7 μmol) and Kryptofix 222 (14.5 mg, 38.5 μmol). The \[K(K~222~)\]^+^\[^18^F\]F^−^ complex was azeotropically dried under a stream of nitrogen gas (250 ml/min) at 90 °C with the addition of 1 × 0.5 ml anhydrous acetonitrile. After cooling, a solution of the tosyl-precursor (5 mg, 9.4 μmol) in anhydrous acetonitrile (0.7 ml) was added before the reaction vial was sealed and heated at 90 °C for a further 10 min. After cooling to room temperature, the crude reaction mixture was diluted with 3 ml HPLC mobile phase (30/70 v/v ethanol/0.1% phosphoric acid in water) and subjected to purification by isocratic semi-preparative radio-HPLC (Nucleodur pyramid C18, 5μ, 110 Å, 250 × 10 mm; 30/70 v/v ethanol/0.1% phosphoric acid in water; 5 mL/min, λ = 254 nm). The \[^18^F\]FEPPA fraction was isolated with a retention time of between 13.5 and 13.7 min, neutralized with 10% sodium bicarbonate solution (1 ml) and diluted to 10 ml with 0.9% w/v saline before filtration through 0.22 μm Millex GV filter to afford the final product. \[^18^F\]FEPPA was prepared with a non-decay corrected radiochemical yield of 40 ± 7% within 50--60 min (*n* = 12) from aqueous \[^18^F\]fluoride. The radiochemical purity was greater than 99% and molar activity was 114 ± 54 GBq/μmol at the end of the synthesis. The radiochemical identity of the \[^18^F\]FEPPA was confirmed by co-elution of the product with an authentic sample of \[^19^F\]FEPPA using analytical radio-HPLC (Shim-pack GIST C18, 5 μ, 100 Å, 250 mm × 4.6 mm column, water: acetonitrile gradient elution 0.01--0.20 min 10% acetonitrile, 0.20--6.00 min 10--95% acetonitrile, 6.00--10.00 min 95--10% acetonitrile, flow rate of 2 ml/min, λ = 254 nm). The retention time of authentic \[^19^F\]FEPPA and \[^18^F\]FEPPA was 6 min. The solution stability of formulated \[^18^F\]FEPPA was assessed over 7.5 h at room temperature (*n* = 2) during which time no change in radiochemical purity was observed.

2.2. Animal procedures {#sec2.2}
----------------------

Animal procedures were carried out in accordance with the Institutional Animal Care and Use Committee Singapore. BALB/c mice aged 6--8 weeks were purchased from In Vivos Singapore, kept at room temperature with a 12-hour light--dark cycle and had free access to food and water. Saline or β3-adrenergic receptor agonist CL-316,243 compound (1 mg/kg) was administered intraperitoneally daily for 7 days. β3-adrenergic receptor antagonist L-748,328 (1 mg/kg) was administered 1 h prior to imaging on Day 7 to determine basal binding.

2.3. PET-CT and MR imaging {#sec2.3}
--------------------------

The animals were imaged longitudinally 0, 1, 4, and 7 days after initiation of treatment using the Siemens Inveon PET-CT and the Mediso nanoscan 3T MR system using a modified version of the methodology described by Wang et al. [@bib20]. Briefly, animals were imaged one hour after dosing with either CL-316,243 or vehicle, anesthetized using inhalational isoflurane anesthesia (maintained at 1.5% alveolar concentration) and injected with either \[^18^F\]FDG or ^18^F\]FEPPA (∼10 MBq per animal) *via* the lateral tail vein. They were maintained heated and anaesthetized throughout the procedure. Static PET acquisitions were performed at 60--80 min post-injection and CT and T2 weighted fast spin echo MR scans were used to delineate fat depots (TR 3843 ms, TE 87.5 ms, matrix size 256 × 256, 50.0 mm FOV, 1.0 mm slice thickness with no slice gap acquisition time 9 min). Animals were monitored for maintenance of body temperature and respiration rate during imaging studies using the Biovet physiological monitoring system. Post-analysis of reconstructed calibrated images were performed with FIJI and Amide software (version 10.3 Sourceforge). Uptake of radioactivity in the fat depots was determined by the placement of a volume of interest (VOI) around the interscapular BAT and inguinal WAT regions as delineated by CT and MR imaging. A VOI was also placed in the quadriceps muscle to provide reference tissue values.

2.4. Histology {#sec2.4}
--------------

On day 7, the inguinal fat tissues were dissected and fixed with 10% formalin, embedded in paraffin and sectioned. Sections were stained with hematoxylin and eosin (H&E) or were probed with an antibody for UCP1 (1:100, ab23841, Abcam) or TSPO-18kDa (1:100, ab109497, Abcam).

2.5. Statistical analysis {#sec2.5}
-------------------------

A two-way ANOVA with multiple Bonferroni post-test was performed using GraphPad Prism version 8.0.0 for Windows, GraphPad Software, San Diego, California USA, [www.graphpad.com](http://www.graphpad.com){#intref0010}, p \< 0.05 was considered statistically significant. Data are expressed as mean and error bars are expressed as ± SD.

3. Results {#sec3}
==========

3.1. Quantification of inguinal adipose browning with \[^18^F\]FDG and \[^18^F\]FEPPA PET imaging {#sec3.1}
-------------------------------------------------------------------------------------------------

PET imaging combined with CT was performed on days 0, 1, 4, and 7 post dosing with CL-316,243. As seen in [Figure 1](#fig1){ref-type="fig"}B, the retention of both \[^18^F\]FDG and \[^18^F\]FEPPA in inguinal WAT was significantly increased after subchronic treatment with CL-316,243.Figure 1(A) Representative PET-CT fusion image showing retention of \[^18^F\]FEPPA in inguinal WAT and interscapular BAT after 7 days of CL-316,243 treatment. (B) Graph showing retention of \[^18^F\]FDG and \[^18^F\]FEPPA in inguinal WAT measured by longitudinal PET imaging (∼10 MBq, acquired from 60 to 80 min post injection under isoflurane anesthesia). Fat depots were delineated using CT and T2 weighted MRI. \[^18^F\]FEPPA retention was significantly higher in the CL-316,243 treated inguinal fat (closed red circles) compared to the vehicle treated inguinal fat (open red circles) on days 4 and 7 post treatment. \[^18^F\]FDG retention was significantly higher in the CL-316,243 treated inguinal fat (closed blue circles) compared to the vehicle treated inguinal fat (open blue circles) on days 4 and 7 post treatment. (n = 5 treated and n = 5 vehicle, \*p \< 0.05, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001 data shown as %ID/g ± SD). (C) Graph showing retention of \[^18^F\]FDG and \[^18^F\]FEPPA in interscapular BAT measured by longitudinal PET. No difference in \[^18^F\]FEPPA retention was observed in the CL-316,243 treated interscapular BAT (closed red circles) compared to vehicle (open red circles) at any time point. In contrast, \[^18^F\]FDG retention was significantly higher in the CL-316,243 treated BAT (closed blue circles) compared to vehicle treated BAT (open blue circles) on days 4 and 7 post treatment (n = 5 treated and n = 5 vehicle, \*p \< 0.05, \*\*\*p \< 0.001, data shown as %ID/g ± SD). (C) Bar graph showing the effect of β3AR blockade with L-748,382 on retention of \[^18^F\]FEPPA in inguinal WAT after 7 days of CL-316,243 treatment (n = 3, data shown as %ID/g ± SD). (D) Representative H&E (top panel) and immunohistochemical staining for UCP1 (middle panel) and TSPO-18kDa (bottom panel) in inguinal WAT sections from saline and CL-316,243-treated mice at Day 7. Scale bar, 100 μm.Figure 1

On Day 1, CL-316,243 treatment had no significant effect on retention of \[^18^F\]FDG (1.6 ± 0.6% ID/g) compared to vehicle treatment (1.7 ± 0.6% ID/g) nor on the retention of \[^18^F\]FEPPA (3.7 ± 0.8%ID/g) compared to vehicle (2.8 ± 1.2% ID/g). By Day 4, the retention of \[^18^F\]FDG was significantly increased in the CL-316,243 treated inguinal WAT (3.5 ± 1.5% ID/g compared to 1.8 ± 0.5% ID/g in the vehicle \*p = 0.02). Likewise, the retention of \[^18^F\]FEPPA was significantly increased in the CL-316,243 treated inguinal WAT (4.9 ± 1.0% ID/g compared to 2.9 ± 0.5% ID/g in the vehicle \*\*\*p = 0.004) after 4 days of treatment. Radiotracer uptake was further increased in inguinal WAT by Day 7 in the CL-316,243 treated inguinal WAT for both \[^18^F\]FDG (4.4 ± 0.8% ID/g compared to 1.5 ± 0.4% ID/g in the vehicle \*\*\*\*p = 0.0001) and \[^18^F\]FEPPA (7.0 ± 1.3% ID/g compared to 2.5 ± 0.5% ID/g in the vehicle \*\*\*\*p = 0.00009). Pretreatment with the β3AR antagonist L-748,328 had no significant effect on \[^18^F\]FEPPA uptake in inguinal WAT on Day 7 ([Figure 1](#fig1){ref-type="fig"}D, 6.43 ± 0.63% ID/g).

3.2. Interscapular brown fat imaging with \[^18^F\]FDG and \[^18^F\]FEPPA {#sec3.2}
-------------------------------------------------------------------------

As seen in [Figure 1](#fig1){ref-type="fig"}C, while the retention of \[^18^F\]FDG in interscapular brown fat significantly increased with CL-316,243 treatment, the uptake of \[^18^F\]FEPPA remained unchanged.

On Day 1, CL-316,243 treatment had no significant effect on retention of \[^18^F\]FDG (5.7 ± 2.4% ID/g) compared to vehicle treatment (4.4 ± 0.7% ID/g). By Day 4, the retention of \[^18^F\]FDG was significantly increased in the CL-316,243 treated BAT (7.6 ± 1.6% ID/g compared to 4.0 ± 0.7% ID/g in the vehicle \*p = 0.0194) and further increased by Day 7 (16.8 ± 2.1% ID/g compared to 4.2 ± 0.4% ID/g in the vehicle \*\*\*p = 0.0004). In contrast, \[^18^F\]FEPPA retention was unchanged in at any of the days studied post stimulation (Day 1; 56.3 ± 17.0% ID/g in CL-treated compared to vehicle 48.8 ± 15.6% ID/g, Day 4; 56.3 ± 17.0% ID/g in CL-treated compared to vehicle 57.3 ± 8.3% ID/g and Day 7; 60.6 ± 9.9% ID/g in CL-treated compared to vehicle 61.0 ± 5.6% ID/g). Pretreatment with the β3AR antagonist L-748,328 to block CL-316,243 stimulation had no significant effect on \[^18^F\]FEPPA uptake in interscapular BAT on Day 7 (57.5 ± 4.3% ID/g).

3.3. Histology {#sec3.3}
--------------

Histological and immunohistochemical assessment of WAT was performed after 7 days of stimulation. H&E staining clearly shows a significant increase in the presence of multilocular fat cells indicative of brown adipocyte conversion after CL-316,243 treatment compared to vehicle ([Figure 1](#fig1){ref-type="fig"}E upper panel). These findings are corroborated by immunohistochemical staining for UCP-1 ([Figure 1](#fig1){ref-type="fig"}E middle panel). IHC shows a clear increase in TSPO-18kDa expression in areas displaying staining of UCP-1 expression ([Figure 1](#fig1){ref-type="fig"}E lower panel).

4. Discussion {#sec4}
=============

Recently there has been a plethora of research investigating ways to enhance the expression of thermogenes in WAT. The resulting beige tissue is hypothesized to combat obesity by reducing lipids stored within WAT and increasing energy expenditure [@bib2], [@bib3], [@bib5], [@bib21], [@bib22]. These attempts to induce beige fat necessitate the development of sensitive and specific, translatable, imaging methodologies to accurately detect beige fat mass *in vivo*. Molecular imaging probes have been assessed for their ability to quantify beige fat across the spectrum of imaging with varying degrees of success. Optical imaging techniques including endogenous contrast and near infrared dyes have proven effective in preclinical models but clinical translation is limited [@bib9], [@bib23], [@bib24], [@bib25]. Clinical techniques such as MRI, skin temperature measurements, near-infrared spectroscopy, and contrast-enhanced ultrasound show the ability to accurately determine BAT mass or metabolic activity but are too insensitive to reliably detect *de novo* formation of beige fat [@bib26], [@bib27].

PET imaging provides a uniquely sensitive method for non-invasive assessment of browning. Currently only \[^18^F\]FDG uptake in stimulated beige fat has been well documented. \[^18^F\]FDG uptake is linked to hexokinase 2 and UCP-1 (uncoupling protein 1) activity [@bib9], [@bib28] providing information on the metabolic activity of the beige adipocytes but little information on the number of beige adipocytes induced by stimulation. Beige adipocyte biogenesis in WAT is induced in response to multiple external stimuli including chronic cold, exercise and β3AR agonists. These stimuli induce transdifferentiation of white adipocytes into beige adipocytes through a process involving the activation of PPARγ (peroxisome proliferator-activated receptor-γ) [@bib29] and the PRDM16 (PRD1 domain containing protein 16) pathway [@bib28]. Typically this conversion has been confirmed by measuring standard markers of brown adipocytes including UCP1 and mitochondrial expression. Beige adipocytes possess abundant mitochondria which express TSPO providing ample binding sites for \[^18^F\]FEPPA and the surrounding white adipocytes have few mitochondria [@bib13], [@bib15], minimizing background uptake. Furthermore, \[^18^F\]FEPPA measurement of mitochondrial TSPO expression is independent of activation, as shown by the β3AR antagonist L-748,328 which had no effect on \[^18^F\]FEPPA uptake in beige fat or BAT. TSPO radiopharmaceuticals seem well suited to detect beige fat mass independent of stimulation, however, this study has several limitations; firstly \[^18^F\]FEPPA uptake has not been assessed in completely unstimulated beige fat as expression is transient, reverting to the white phenotype within days of withdrawal of stimulation [@bib30]. Secondly, we are unable to quantify the proportion of \[^18^F\]FEPPA uptake that may be due to non-specific binding such as the increased vascularization associated with beige fat or infiltration of macrophages which express particularly high levels of TSPO. Also β3AR stimulation is a potent inducer of beige fat, useful in preclinical models, however, clinical approaches to induce beige fat, such as cold acclimation and exercise are less potent raising the question of how sensitive a measure of unstimulated beige fat might be in humans. It is not currently understood how many white adipocytes can undergo transdifferentiation to beige adipocytes, previous studies using cold stimulation in rodents have suggested up to 50% but this may be different in humans and dependent on adipocyte population or microenvironment [@bib29], [@bib31]. Thus further work may be necessary to evaluate \[^18^F\]FEPPA for clinical use under these paradigms.

Overall, these data suggest that the TSPO tracer \[^18^F\]FEPPA may be useful for detecting unstimulated beige adipocytes. As \[^18^F\]FEPPA has been used to assess neuroinflammation in patients [@bib32], [@bib33], [@bib34], it could potentially be repurposed to identify beige fat clinically at thermoneutral conditions.
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